Low-temperature carbonization (LTC) of coal generates highly complex wastewater warranting stringent treatment. Developing a techno-economically viable treatment facility for such wastewaters is a challenging task. The paper discusses a case study pertaining to an existing non-performing effluent treatment plant (ETP). The existing ETP comprising an ammonia stripper followed by a single stage biological oxidation was unable to treat 1,050 m 3 /d of effluent as per the stipulated discharge norms. The treated effluent from the existing ETP was characterized with high concentrations of ammonia (75 -345 mg N/l), COD (313-1,422 mg/l) and cyanide (0.5-4 mg/l).
INTRODUCTION
Low-temperature carbonization of coal generates coke wastewater from the ammonia scrubbing process. Coke wastewater is a complex industrial effluent containing high concentrations of toxic and refractory compounds such as tar, phenols, naphthalene, light oil, sulphur-containing organic compounds, cyanide (CN 2 ), thiocyanate (SCN 2 ) and high concentrations of ammonium nitrogen and chlorides (Wanmmer 1994; Wong-Chong 1994) . It also contains polyaromatic hydrocarbons and heterocyclic nitrogenous compounds in low concentration (Vá zquez in the present industry comprised of an ammonia stripper followed by single stage extended aeration system. Based on the performance of the existing ETP, extensive R&D studies were carried out on laboratory scale. The results of twostage biooxidation studies at laboratory scale were demonstrated under field conditions at pilot scale. The aim of this work was to design a modified treatment scheme for a nonperforming ETP in a LTC plant for zero effluent discharge.
MATERIALS AND METHODS

The industry
The study was carried out for an LTC industry located in Eastern India. It produces smokeless processed fuels in solid (coke), liquid (tar), and gaseous (coal gas) forms, through low-temperature carbonization of coal. The other finished by-products include phenol, xylenol, and cresols.
The manufacturing unit chiefly comprised material handling plant, Retort House (RH), Producer Gas Plant (PGP), Gas Cleaning Plant (GCP), Tar Distillation Plant (TDP) and utility. Amongst these units, the Retort House formed the heart of the manufacturing process. Carbonization of coal to coke is carried out in the Retort House at 1,3008C using producer gas. Producer gas is a combustible mixture of nitrogen, carbon monoxide, and hydrogen, generated by passing air with steam over burning coal in a furnace and used as fuel. The raw coal gas having approximate composition (v/v) of 48% water, 50% tar, 0.3% total ammonia, 0.74% naphthalene, 0.01% H 2 S, 0.013% HCN, and heavy metals in traces, is subjected to cleaning and condensation to yield the finished product.
Wastewater generation
The tar distillation plant housing the solvent recovery unit generates around 50 m 3 /d of process effluent. The run offs from all other units including water from floor washings and sanitary sewage are pooled together in a large collection tank (CT). Around, 1,000 m 3 of wastewater are collected in this tank every day and sent for treatment along with the process effluent. The total quantity of wastewater generated is 1,050 m 3 /d.
Treatment of LTC effluent-existing facility
The ETP comprises ammonia stripper, equalization basin (EB), twin aeration tanks (AT), secondary clarifier, polishing lagoon and sludge drying beds. Combined wastewater from collection tanks were pumped into EB for equalization of flow and characteristics. The equalized effluent was then pumped to the twin aeration tanks. The mixed liquor from the AT flows through gravity to the clarifier. The clarified effluent is routed to polishing lagoon before final discharge.
The schematic of the existing ETP is shown in Figure 1 .
Performance assessment of existing ETP
The performance assessment of the existing treatment plant 
Treatability studies
Various bench scale treatability studies were carried out with the effluent from the secondary clarifier to make the treated effluent suitable for recycle and reuse. These included both biological and physicochemical studies.
Bio-oxidation studies
The clarifier effluent from the existing ETP was studied for biological ammonia oxidation in a stage II biooxidation unit. Biomass from the existing activated sludge process was acclimatized for ammonia oxidation and residual COD removal from the clarifier effluent. Initial experiments were started with a 5 liter bench scale unit made up of perspex sheet. The 5 liter reactor was seeded with the sludge having an initial TSS of 5 -7 g/l with 95% volatile fraction. One third of the reactor's capacity was filled with effluent from the existing full-scale biological unit. Initially the effluent was diluted using domestic sewage so as to maintain the ammonia concentration ,100 mg N/l. The pH was maintained in the range of 6.8-7.3 and 1 g/l of NaHCO 3 was Table 1 .
After initial laboratory scale trials in the 5 l reactor, the 
Physico-chemical treatability studies
Treatability studies were carried out using effluent from the second stage bio-oxidation tank for rendering a recyclable effluent quality. Experiments were carried out in 1,000 ml glass beakers containing 500 ml sample in a jar test apparatus using (i) commercial grade lime and alum as coagulants and (ii) commercial grade sodium hypochlorite containing 4% free chlorine as oxidizing agent. The dosage of the coagulants and oxidizing agent were varied to establish the optimal dose. The doses (mg/l) of commercial grade alum were varied as 250, 500, 750 and 875 along with a fixed dose of lime (500 mg/l). In experiments with 4% sodium hypochlorite, the dose (v/v) was varied as 0.13, 20 l 3 6.67 6.6 -6.9 135^50 315^50 ,5
200 l 3 67 6.6 -6.9 135^25 315^50 ,5 3 67 6.6 -6.9 150^25 350^50 ,5 3 67 6.6 -6.9 200^20 365^55 ,5 3 67 6.6 -6.9 300^50 380^70 ,5 DO, cyanide and pH were measured using WTW probes.
All data are presented as mean value of measurements made on three replicate samples.
RESULTS AND DISCUSSION
Adequacy assessment of existing ETP
The performance of the ETP with respect to major parameters, under the existing operating conditions, is
shown in Table 2 . The characteristics of the treated effluent indicated that existing ETP did not comply with the stipulated norms for discharge into Inland Surface Waters with respect COD, BOD, cyanide and ammonia parameters.
Wide variations in feed concentrations in terms of COD, phenol, ammonia and cyanide were observed ( Figure 3) . Moreover, the concentration of ammonia in the process effluent was high (1,100 to 2,225 mg/l) and
fluctuating. This was in spite of an operational ammonia stripper prior to the ETP. High concentration of ammonia poses the risk of inhibiting the downstream biological oxidation processes (Kwon et al. 2002) .
The average ratios of carbon, nitrogen & phosphorus (C: N: P) in the feed to the aeration tank were 108: 12: 1. (Metcalf & Eddy 2003) . The DO concentrations in the aeration tanks were # 1 mg/l, as the aeration tank was always covered with 1 -2 feet thick blanket of foam, submerging a major part of the surface aerators. Temperatures in aeration tanks varied between 22-268C during the evaluation period. The existing biological process was operated with HRT of 3 d and SRT of 4-5 d and it was yielding more than 95% removal efficiency for phenol and cyanide, at influent phenol and cyanide concentrations of 75 to 1,000 mg/l and 21 to 210 mg/l, respectively. The performance with respect to COD and ammonia was found to be varying in the range 57 -93%, and no removal 2 71%, respectively ( Figure 3 ). The effluent from this unit had a pH in the range of 6.7-8.1, and temperature: 21 -268C, COD:
This indicated deficiency in phosphate concentration
313-1,422 mg/l, ammonia: 75 -345 mg N/l, phenol: below detectable limits (BDL)-2 mg/l and cyanide concentrations ranging from BDL to 4 mg/l, respectively. The sludge had good settleability with SVI # 100 ml/gm.
The adequacy assessment of the ETP treating LTC process effluent revealed that ammonia stripping followed by single stage biological treatment was inadequate. The performance data indicated that nitrification was not occurring in the existing biological system. This is may be due to the presence of a high concentration of phenol (75 -1,000 mg/l), which could be toxic for nitrifiers (Amor 
2009).
A further reason for the low nitrification rate could be inhibition by free ammonia (Anthonisen et al. 1976) .
At temperatures of 27 -378C, a pH of 6.5-9.1, and ammonium concentrations of 600 mg N/l, the free ammonia concentration ranges between 1 and more than 100 mg 
Stage II biological oxidation
Bench scale (5 l)
As a first step, nitrifying biomass was developed through enrichment technique using biomass from the existing biological process. From the results of most probable number (MPN) for nitrifying bacteria it was found that Various workers have reported a minimum hydraulic residence of 2.5 days to 4 days for more than 70% nitrification efficiency in coke oven wastewaters (Amor et al. 2005; Vazquez et al. 2007) . Hence, all the up-scale experiments were carried out at a HRT of 3 days. MLSS in the bioreactor was in the range of 1,500 -2,000 mg/l. Since growth rate of nitrifying bacteria is very low, high SRT of 50 -60 d was maintained to increase MLSS in this reactor.
Bench scale (20 l)
In the second step, the content of the 5 l stage II biological unit was transferred to the 20 l capacity unit. The volume was increased in a step wise manner from 5 l to 20 l with increments of 0.5 l every 2 days. For acclimatization during scale up, the NaHCO 3 dose was maintained on the higher side by increasing the dosing from 1 g/l to 1.5 g/l ensuring that alkalinity does not becomes a limiting factor for ammonia oxidation. Higher doses of bicarbonate (2.8 g/l NaHCO 3 ) have been reported by other workers for supporting nitrification in steel plant and coke oven effluents (Ghusain et al. 2002; Vazquez et al. 2007) .
Besides this, in order to maintain a favorable nitrification process in the reactor, and to avoid competition by fast growing heterotrophic bacteria, the pH of the influent was maintained in the range 6.6-6.9. The optimal pH range for the highly active phenol utilizing bacteria is 7.8 -8.2 (Amor et al. 2005) . Phenol utilizing bacteria can survive in phenol deficient media by oligotrophic metabolism. Hence, even in the absence of phenolic substrate, these bacteria could pose severe threat to slow growing autotrophic bacteria and other heterotrophic nitrifying bacteria by consuming the available nutrients. As a result of pH and alkalinity correction, the acclimatization period required in this bioreactor was very short, and the bioreactor was scaled up from 5 to 20 l in 60 days. After achieving more than 90% ammonia removal in the 20 l bioreactor, the content was used as seed for further scaling to the 200 l pilot plant.
Pilot scale (200 l)
In the third step, the pilot plant was seeded with the 20 l reactor biomass and operated in batch mode with gradual increase in working volume starting from 50 l, to 70 l, followed by 100 l, 150 l, 175 l and finally 200 l. During this period, the plant was operated in batch mode, by decanting and replenishing 1/3 of its effective volume daily with fresh feed. The ammonia concentration, pH and bicarbonate doses were maintained as described for 20 l reactor.
The performance of the pilot plant during the scale up period is presented in Figure 5 . During this period, which lasted for 3 months, the influent ammonia concentration was maintained in the range of 80 -150 mg N/l. During the study period of 190 days, the ammonia concentration in the effluent was less than 40 mg N/l with an average concentration of 10 mg/l. The effluent characteristics from the second stage biooxidation process are presented in Table 3 . The effluent generated after the stage II bio-oxidation is well within the discharge norms for the parameters pH, COD, BOD, ammonia, nitrate, phenol and cyanide. The UV-visible spectra of equalized effluent, effluent from stage I unit and treated effluent from stage II unit indicates effectiveness of two stage biological oxidation process in removing organic pollutants ( Figure 6 ).
As depicted in
Post-biological treatment
The concentrations of all the major parameters in the treated effluent from stage II bio-oxidation were below the Prescribed Standards for discharge of treated effluent onto inland surface water (Table 3) . Post-biological treatment of the treated effluent was carried out to make it suitable for recycle/reuse. The effect of alum as a coagulating agent in presence of lime for biooxidation stage II effluent was studied. Lime was added to maintain alkaline pH for effective action of alum. A COD reduction of 50% was achieved at an alum dose of 250 mg/l along with 500 mg/l of lime. The treatment resulted in chemical sludge generation of 675 mg/l (as dry weight) and there was no significant reduction in colour. Because of high dose of alum required, chemical sludge generation and no effect on colour removal, use of alum and lime was considered to be uneconomic. In the studies with (4%) hypochlorite, 0.5%
(v/v) dosage resulted in 40% reduction in residual COD and significant reduction in colour. The visibly colourless treated effluent, with pH: 6.6-6.8 COD: 73 -121 mg/l, BOD 5 : ,10 mg/l, and ammonium: , 10 mg/l, can be recycled/reused within the industry.
Optimized treatment scheme
Based on the extensive field investigations, and treatability studies, a modified treatment scheme was proposed for LTC effluent. The schematic of the proposed scheme is presented in Figure 7 . Air stripping as pretreatment for removal of ammonia from the process effluent prior to ETP was already present in the existing scheme of ETP.
As per the proposed scheme, the stripping of process effluent should render an effluent of the following quality: pH 8.3-8.5, COD 15,000 -25,000 mg/l, ammonia 700 -1,000 mg/l, and phenol 1,500 -2,000 mg/l. After pre-treatment, the stripped process effluent along with the combined effluent stream from the plant area comprising mainly sewage would be routed to the equalization basin for equalization of flow and characteristics.
The equalized stream will be biologically treated in a two stage biooxidation process. The stage I biooxidation unit would operate for oxidation of COD, phenol and cyanide, while the stage II unit would operate for oxidation of ammonia, residual COD and cyanide. The mixed liquor suspended solids (MLSS) should be maintained around 3,000 -3,500 mg/l and 1,500 -2,000 mg/l in biooxidation units I and II, respectively. The clarified effluent from unit I would be routed to a collection tank where addition of sodium bicarbonate and phosphoric acid would be made for maintaining the alkalinity to ammonia ratio between 5 -7 and the pH at 6.8 -7.2, respectively.
The clarified effluent from the stage II bio-oxidation process would be routed to chemical oxidation unit using hypochlorite for tertiary treatment. The final treated effluent would be collected in a collection tank. The anticipated characteristics of influent and effluent at various stages of the treatment are presented in Figure 7 .
The final treated effluent can be reused within the industry.
Dewatering of digested sludge from clarifier-I & II
would be carried out in sludge drying beds. After drying, the sludge is to be removed and disposed via secured land filling. Stage I effluent 6.8-7.5 ≤ 10 ≤ 500 ≤ 300 ≤ 2,000
Stage II effluent 6.0-6.5 ≤ 5 ≤ 250 ≤ 20 ≤ 500
Stripped raw effluent 8.5-8.3 ≤ 2,000 ≤ 25,000 ≤ 1,000 ≤ 25,000
Raw effluent pH > 9.0 Phenol (mg/l) = 3,500-4,000 COD (mg/l) = 25,000-35,000 NH 3 (mg N/l) = 2,700-4,000 Colour (Hazen) = 30,000 final treated effluent having with pH: 6.6-6.8 COD:
73 -121 mg/l, BOD 5 : , 10 mg/l, and ammonia: , 10 mg N/l, can be reclaimed for industrial use. Thus, the treatment of LTC effluent using a combination of air stripping followed by a two stage biological oxidation and tertiary level treatment with hypochlorite is a viable alternative for attaining pollution control, effluent recycling and water conservation.
